S3 

55 

SPIN  RELAXATION  IN  FREE  RADICAL  SOLUTIONS 
EXHIBITING  HYPERFINE  STRUCTURE* 


J.  P.  Lloyd  and  G.  E.  Pake; 


Department  of  Physics 
Washington  University 
Saint  Louis  5,  Missouri 


Assisted  by  the  joint  program  of  the  ONR  and  the  AEC. 


1.  Introduction 


The  paramagnetic  resonance  of  the  peroxylamine  disulfonate 
Ion,  0N(S0^)2  > even  in  crystals  of  the  potassium  salt,  is  not 

characterized  by  the  pronounced  exchange  narrowing  frequently 
observed  for  free  radical  molecules.  It  is  perhaps  attributable 
to  this  weakness  of  the  exchange  interact5.cn  that  one  can  observe  a 
well-resolved  hyperfine  splitting  from  the  N nucleus  in  liquid 
solutions  containing  this  ion  in  concentrations  even  larger  than 

0. 1. molar.1  There  is,  therefore,  a range  of  concentrations  over 

1.  Pake,  Townsend,  and  Weissman,  Phys.  Rev.  8jj,  682  (1952). 

which  magnetic  dipole  transitions  of  the  coupled  system,  electronic 

moment  plus  nuclear  moment,  can  be  observed  in  fields  near  10  gauss 

2 

with  adequate  signal-to-noise.  Measurements  by  Townsend  have 

2.  Townsend,  Weissman,  and  Fake,  Phys.  Rev.  89,  6o6  (1953)* 

shown  that,  in  fields  up  to  50  gauss  and  at  frequencies  between 
9 and  120  Mc/aec,  the  Brelt-Rabl  energy  levels  for  a system  with 
1*1,  j * 1/2  apply  to  the  peroxylamine  disulfonate  ion  in  solution. 

The  present  work  concerns  itself  with  the  mechanism  which 
maintains  the  population  differential  between  a particular  pair  of 
levels  participating  in  resonance  absorption.  This  mechanism  will 
also  be  shown  in  the  system  at  hand  to  dominate  in  producing  the 
observed  line  width.  The  mechanisms  of  interest  in  determining 
measured  widths  of  paramagnetic  resonances  are,  in  general,  the 
spin-spin  and  spin-la^  ’*.ice  interactions,  which  may  occasionally  be 
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markedly  obscured  by  Instrumental  effects.  The  advantages  of  working 
In  low  fields  (~30  gauss)  are  two-fold.  Plrst,  the  individual 
hyperflne  components  become  only  a fraction  of  a gauss  wide  at 
concentrations  below  about  10  molar.  In  the  magnetic  fields  of 
several  thousand  gauss.,  which  correspond  to  microwave  frequencies, 
care  must  be  exercised  to  assure  that  field  lnhosK>geneltles  over 
the  sample  do  not  contribute  to  the  measured  line  width.  12 , for 
example,  Helmholz  colls  or  a solenoid  are  used  In  producing  the 
30  gauss  field,  no  effort  at  all  Is  required  to  keep  Inhomogeneltles 

.o 

below  10  gauss  over  a sample  of  several  cubic  centimeters  volume. 
The  second  advantage  Is  more  compelling.  To  separate  non-negllglble 
spin-spin  processes.  If  any,  from  the  spin-lattice  Interactions 
limiting  the  lifetime  of  a spJ  '-state,  one  needs  to  know  the  spin- 
lattice  relaxation  time.  Whi  e this  can  be  measured  with  difficulty 
at  microwave  frequencies^**,  microwave  generators  with  adequate 


3.  C.  P.  Slichter,  Thesis.  Harvard  University.  Also  Phys.  Rev.  76, 

. *66  (19*9). 

*.  8chnelder  and  England,  Phys lea  1£,  221  (1951). 

. — - i i 

t 

power  are  not  presently  available  In  this  laboratory,  and  the 

' 

techniques.  In  any  event,  are  not  as  easily  applied  as  those  using 
lumped  parameter  circuits. 

,lu  The  Hamiltonian  function  describing  the  Interaction 

leading  to  the  hyperflne  structure  is^ 

"X  - A*o  Ro  JZ  + • I • J ' Bj  Mo  Hc  h 

op  op 

* 

5.  0.  Brelt  and  I.  I.  Rabl,  Phys.  Rev.  2§,  2082  (1931).  See  also 
Hafe  and  Nelson,  Phys.  Rev.  £5,  718  (19*8). 


-3- 


where  gj  is  the  spectroscopic  splitting  factor  for  the  free 
radical;  for  a free  electron  gj  - g^  - 2.002) . The  magnitude  of 
the  Bohr  magneton  is  jxQ,  and  the  antlparallelllty  of  J and  the 
magnetic  moment  of  the  electron  is  explicitly  taken  into  account 
by  the  positive  sign  preceding  the  first  tern  of  (\.01).  HQ  is 
the  applied  external  field,  and  £ Is  the  hyper fine  coupling  constant. 
Since  we  take  gj  as  the  nuclear  g factor  referred  no  the  (positive) 
Bohr  magneton,  fx Qt  it  is  the  conventional  nuclear  g divided  by 
K/m  - *836. 

The  Brelt-Rabl  energy  levels-*  given  by  the  Hamiltonian 
(1.01)  for  I ■ 1,  J - 1/2  are  displayed  in  Pig.  1.  It  is  perhaps 
worthwhile  to  point  out  that,  for  a free  radical  molecule,  one 
does  not  know  in  advance  the  sign  of  the  hyperflne  coupling  constant 
£ since  the  molecular  orbitals  for  the  ground  state  are  an  unknown 
superposition  of  atomic  orbitals  which  may  Include  those  correspon- 
ding to  atomic  £ or  £ states.  The  former  contributes  to  £ 
through  the  electron  probability  density  at  the  nucleus,  whereas  £ 
states  contribute  a term  of  opposite  sign  involving  the  average 
value  of  over  the  orbit.  Even  if  a particular  symmetry  operation 
leads  to  the  molecular  counterpart  of  parity  as  a good  quantum 
number,  in  such  a way  that  molecular  Z and  T'  states  cannot  be 
superimposed,  one  does  not,  know  without  additional  spectroscopic 
studies  whether  the  ground  state  of  0H(S0^)2  is  even  or  odd  with 
respect  to  this  quantum  number,  and  the  sign  of  a remains  unknown. 

This  ambiguity  of  sign  means  that  Pig.  1 may  be  Incorrect, 
and  should  perhaps  be  reflected  in  the  abscises  axis.  It  is  also 
impossible,  therefore,  to  know  which  branch  of  levels  will  have  a 
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crossover  point  at  fields  sufficient  to  aecouple  tub  nucleus  fros 
the  eleotron  (although  the  sign  of  the  nuclear  g-f&ctor  fixes  the 
position  of  che  levels  after  the  crossover).  Por  our  no rl  in 
oscillating  rf  fields,  at  frequencies  even  as  high  as  10,000  Me/ sec, 
' the  ambiguity  of  sign  has  no  effect  on  the  trt~_ition  frequencies, 

since  the  spacing  between  the  levels  is,  of  course,  unaltered  by 

W> 

reflecting  the  energy  level  scheme.  A rotating  field  could  be 
used  to  settle  the  question  of  the  sign  of  a if  it  were  desired. 


The  particular  transition  studied  in  the  present  work  is 
that  between  the  levels  F - 3/2,  Op  - -1/2  and  P - 2 , mp  ■ -3/2. 

This  transition  has  a frequency  which  increases  monotonlcally  from 
zero.  However,  the  ratio  of  frequency -to- field  is  not  effectively 
constant  until  large  enough  fields  are  attained  to  decouple  J from 
I.  In  order  to  treat  the  spin  Interaction  processes  later  on,  we 
reproduce  here  the  wave  functions  and  energies  which  apply  to  the 


I 


levels  involved  in  the  transition  marked  in  Pig*  1.  The  variable 
is  x - (fij”6I)>>0H0/h4d^);  from  Townsend's  measurements2,  x » 1 
corresponds  to  HQ  - 19*5  gauss. 

e 

Table  I 


1 i 
i .* 
i -I 


7 “2 


1 . 1 

2 + ? 


- j£j*m  0,®l«y»I)  »(“j)  X(“x) 
J I 

*1 

- ♦($)  X(i) 

4>2 

- a #(|)  *(0)  + b ♦(-  -|)  *(1) 

*3 

- o ♦ (£)  /(-l)  + d ♦(-  /(0) 

- ♦(- 1)  At*1) 

j 

J* 

- C ♦(-  |)  ^t(0)  - d *(|)  /(-l) 

*6 

- • ♦(-  |)  /U)  - b .(f^O) 

The  coefficients,  as  functi  o*»c  Of  X - (gj-gj.)  >i0H0/ha^),  will 

p p i /p 

be  expressed  in  terms  of  r - (1  + ^x  + x ) *'  and  • (1  - 


(1.05) 
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The  energy  levels  of  Fig.  1 are  given  by 


i±!  ■ 


h4)> 


+ SiHoV  i 


(i  + 55r  ♦ x2) 


1/8 


(i.o») 


The  experiments  to  be  discussed  in  Section  8 Involve  excitation 
of  transitions  between  levels  3 and  4 of  Fig.  1 at  a frequency 


^*3  * + ^(1  - |x  + x2)1^  j + gxpoHo/h  (1.05) 


of  60  Mo/sec,  which  corresponds  to  an  external  magnetic  field  of 
about  31.4  oersteds.  Values  of  the  coefficients  of  Sqs.(l.03) 
for  this  field  are  listed  below: 


a2  - 0.950 

b2  - 0.050 

c2  - 0.903 

d2  . 0.097 

For  the  ON(SOj)2““  Ion,  gj/g 
gj  In  comparison  with  gj. 


- 1.610 


and  we  shall  usually  neglect 


2.  Paramagnetic  Relaxation  and  Spin  Saturation 

Paramagnetic  relaxation  Is  the  process  of  energy  exchange 
between  an  assembly  of  paramagnetic  spins  and  Its  surroundings 
whloh  permits  the  spin-state  populations  to  adjust  themselves  to 
the  equilibrium  distribution  corresponding  to  a given  magnetic 
field  and  temperature.  It  is  customary  to  regard  the  entire 
paramagnetic  sample  (solid,  liquid,  or  gas)  as  a super  system 
composed  of  two  weakly  interacting  sub-systems;  the  system  of 
interest  or  spin  system,  having  spin  coordinates  among  Its  degrees 
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of  freedom,  and  the  surroundings  or  lattice  system  having  only 
orbital  degrees  of  freedom. 

It  is  the  weak  interaction,  X between  spins  and  the 
lattice  which  is  the  object  of  relaxation  studies.  In  practical 
cases,  the  question  is  one  of  trying  to  discover  which  of  a number 
of  possibly  important  spin-lattice  interactions  effects  the  experi- 
mentally observed  relaxation.  In  certain  examples  relaxation  has 
been  studied  experimentally  through  direct  observation  of  the 
characteristic  time  required  for  the  establishment  of  spin  equili- 
brium (the  relaxation  time) . In  other  examples,  particularly  if 
the  relaxation  time  is  short,  one  measures  essentially  the  thermal 
conductivity  between  the  spins  and  the  lattice  by  observing  the 
rate  at  which  energy,  absorbed  by  the  spins  from  a laboratory 
source,  is  passed  on  to  the  lattice  via  the  relaxation  mechanisms; 
this  is  the  saturation  method. 

It  is  of  course  quite  feasible  to  cloak  these  measurements 
in  thermodynamic  terms,  as  was  done  by  Casimlr  and  du  Pre^.  We 

6.  Caslmir  and  du  Pre,  Physics  £,  507  (1938). 

H.  B.  0.  Casimlr,  Physlca  6,  159  (1939)- 

shall  usually  confine  our  approach  to  that  of  quantum  statistics 
and  speak  in  terms  of  the  transition  probabilities  per  unit  time 
induced  by  Xgjj*  Either  a direct  relaxation  tl»"e  measurement  or  a 
saturation  experiment  will  be  treated  in  terms  of  the  way  in  which 
the  populations  of  the  various  energy  states  are  influenced  by 
these  probabilities. 


► 


\ 

1 
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Suoh  an  analysis  of  the  relaxation  time  for  an  assembly 
of  spin  1/2  particles  is  straightforward;  a unique  relaxation  time  is 
easily  defined  for  the  establishment  of  the  equilibrium  population 

7.  Bloembergen,  Purcell,  and  Pound,  Fhys.  Rev.  73,  679  (19*8) j often 
referred  to  hereafter  as  BPP. 

difference  between  the  two  spin-states  accessible  to  each  particle. 
However,  a more  complicated  energy  level  scheme  may  not  permit  the 
association  of  a single  relaxation  time  with  each  pair  of  levels 
between  which  a population  difference  will  exist  at  equilibrium. 

An  example  Is  the  coupled  system  consisting  of  the  odd  electron 
and  the  nucleus  of  the  free-radical  Ion  ONfSO^g  * Not  only 
are  there  six  unevenly  spaced  levels,  but  the  selection  rules 
permit  magnetic  dipole  transitions  between  all  but  five  of  the 
fifteen  different  pairs  of  levels.  In  general,  one  finds  that  the 
approach,  from  an  Initially  disturbed  state,  to  the  equilibrium 
level  population  Is  described  by  an  expression  of  the  form 

V40  * X b*  exp  C-  \*)  . (2.01) 

If  after  appreciable  elapse  of  time,  several  comparable  terms  in  the 
sum  (2.01)  are  dominant.  It  will  be  Impossible  to  express  any 
population  difference,  involving  level  k,  with  only  one  exponential 
term,  and  there  will  be  no  single  relaxation  time. 

The  saturation  procedure  does  not  suppose  any  specific 
mathematical  form  for  the  approach  to  equilibrium  of  the  population 
difference  between  a pair  of  levels.  This  method  excites  transitions 
between the  levels  In  question  by  means  of  a laboratory  radiation 


l 

» 

t 
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field.  (He  presume  throughout  this  discussion  the  existence  of 
* constant  external  magnetic  field  which  removes  the  orientation 
degeneracy  of  Individual  spins).  As  we  shall  later  verify  (sec  4), 
the  transition  probabilities  Induced  by  the  laboratory  field  are, 
for  practical  purposes,  microscopically  reversible,  which  means 
that  the  net  energy  absorption  — and  therefore  also  the  detected 
rf  absorption  signal  — is  proportional  to  the  population  difference. 
In  the  presence  of  a given  laboratory  radiation  field,  then,  a 
stationary  spin  population  distribution  will  ultimately  obtain  in 
whioh  this  rf  absorption  Is  just  balanced  by  the  energy  carried 
to  the  lattice  through  all  relaxation  processes,  (is  taken  up  In 
section  5 the  transition  probabilities  describing  the  relaxation 
processes  cannot  possess  microscopic  reversibility  If  there  Is  to 
be  a non-vanishing  population  differential  at  equilibrium.)  It 
follows  that  a study  of  relative  absorption  Intensity  as  a function 
of  the  rf  power  level  must  give  direct  information  about  the  Inter- 
action M 8Jg  which  permits  energy  exchange  between  the  spins  and  the 
lattice. 

Explicit  emphasis  should  perhaps  be  given  to  the  fact  that 
a given  level  of  saturation  Is  characterized  by  statlonarlty  of  spin 
population,  but  not,  of  course,  by  thermal  equilibrium.  Indeed,  the 
statlonarlty  exists  only  if  the  thermal  capacity  of  the  lattice, 

^ which  Is  in  turn  normally  In  excellent  thermal  contact  with  Its 

laboratory  surroundings,  is  large.  Except  at  very  low  temperatures, 
this  condition  Is  usually  fulfilled.  Por  this  reason,  although 
there  is  a steady  flow  of  energy  Into  the  lattice,  we  shall  speak 
of  a lattice  temperature,  assumed  not  to  change  during  a given 
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measurement,  which  is  essent tally  a temperature  fixed  by  the 
sample's  immediate  laboratory  surroundings.* 


In  the  early  unsuccessful  attempt  of  Oorter  to  observed  nuclear 
paramagnetic  resonance,  the  small  change  of  lattice  temperature 
during  application  of  a strong  rf  field  at  the  Larroor  frequency 
was  to  be  the  means  of  detecting  the  nuclear  spin  resonance 
(Physics  2,  995  (1936)). 


3.  Definition  of  the  Saturation  Pactor  and  the  Relaxation  Probability. 

The  foregoing  description  of  the  saturation  procedure 
suggests  that  a useful  quantity  In  relaxation  studies  Is  the  ratio 


(Hi) 


(3.01) 


which  we  shall  call  the  saturation  factor.  Here  Hj.  Is  the  stationary 
population  of  spin  state  k with  zero  or  negligible  rf  field  present 
(thus  the  thermal  equilibrium  value)  and  R^'  Is  the  stations*? 
population  In  the  presence  of  an  rf  field  Bj.  Evidently  SJk(0)  . 1 
and  Sjj^oo)  ■ 0.  For  a given  input  of  rf  power  at  spin  resonance, 
one  expects  S ^ to  depend  upon  lattice  temperature  and  the  external 
field  In  which  resonance  occurs. 

We  now  wish  to  obtain  a relationship  which  expresses  the 
saturation  factor  In  terms  of  the  laboratory-induced  transition 
probability  per  unit  time,  V^,  and  the  transition  probability  per 
unit  time,  U^,  which  Is  induced  by  the  spin-lattice  interaction  M^. 
We  shall  let  W^  - + Vjk  denote  the  probability  per  unit  time, 

due  to  both  relaxation  mechanisms  and  the  laboratory  apparatus,  that 
a system  new  in  spin  state  J will  be  found  at  a later  time  in  state  k 


I 


-11- 

If  there  are  a total  number  if  of  apln  systems  to  be  distributed 
over  the  n states  accessible  to  *n  individual  spin,  then  the 
following  differential  equations  describe  the  shifting  of  the 
population  fractions,  Qj  - N^/N,  by  expressing  essentially  the 
conservation  of  systems: 

Z wkj  ‘ K-."] 

lcl  L 

W 

Under  oonditlons  of  population  atatlonarlty,  Eqs.(3.02)  become  n 
homogeneous  linear  equations  in  the  Q's  which  are  readily  seen  to 
be  consistent,  since  any  row  of  their  coefficient  determinant  is 
obtainable  by  adding  the  other  n-1  rows.  The  Q'b  are  of  course 
not  all  Independent,  since  if  n-1  cf  then  are  known,  the  nth  is 
determined.  Thus  the  system  of  equations  may  be  solved  by  replacing 
any  one  of  the  n homogeneous  equations 

£ (0k  wkj  - V - 0 


by 


k-1 

krJ 


n 

£ 


|~j"l > » • • »n|  (5 


.05) 


«k- 


(5.04) 


To  determine  the  saturation  factor  S^p,  we  require  the 
difference  ^pq  “ Qp-Qq  un<*6r  conditions 


wJk 

M 

*■> 

p 

■ 

If 

- u „ 

pq 

pq 

w „ 

= u _ 

qp 

qp 

[qp  r 3*  / p7J 


+ V 
+ V 


(5.05) 


■ 
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expressing  the  reversibility  of  V-  . » V • V end  that  the  laboratory 

PQ  QP 

source  Induces  transitions  between  states  p and  q only. 

Por  simplicity,  let  us  arbitrarily  number  the  states  p 
and  q between  which  the  radiation  field  produces  transitions  with 
the  probability  V,  by  the  numbers  1 and  2.  Then,  substituting 
$2  * ^21  + one  obtains  the  following  equations 


[°21  ♦ » - OlkJj 

| + 4>1<°21+V>  + S°>1  + 

[ai2  * y - 

1 - ^21  (V  QjO*  ♦ 

A 

(»1„  ♦ *8.) 
• 

a 9 

+ 4gi  U2ffl  + Q303n  + 

# # 

,0ln  + °2n> 

• Asi  U2n  + <4°5n  + 

Vn2  - 0 


(3.06) 


> 

i 


Noting  that  V,  by  virtue  of  Its  practical  microscopic  reversibility, 
appears  only  in  two  positions  in  the  second  column,  one  can 
eliminate  one  V term  by  replacing,  for  example,  the  second  equation 
by  Eq.(3.04).  If  one  then  solves  f or  A 21  by  expanding  determinants 
In  terms  of  the  cofactors  of  the  second  column,  he  obtains 


'22 


U2kC2k 


V.°2i  + 


'22 


(3.07) 


where  Cg^  Is  the  cofactor  of  the  second  column  element  In  the  kth 
row.  Por  a spin  system  In  thermal  equilibrium  at  room  temperature, 

■ h^/kT.  Por  magnetic  dipole  transitions  which 
would  occur  at  radlof requeue lea  between  1 MC/sec  and  30,000  Mc/sec, 
&2l  ran&eB  between  10“^  and  5 
Then  Eq.(3*07)  indicates  that 

at  least  200  (and,  for  the  experiments  of  Section  7,  by  10^) . 

Hence  C22  can  be  dropped  from  the  denominator  of  Eq.(3.07)  and 


x 10_5< 

Z » 

k-3 


2kC2k  exceed8  C22  by  a factor 


one 


This  may  be  coopered  with  BPP's  Eqs.(l;),  (A)  and  (33)  to  show  that 
our  result  reduces  to  theirs  when  there  are  Just  two  levels.  Although 
a system  of  nany  levels  without  special  selection  rules  does  not 
generally  admit  to  definition  of  a single  relaxation  time  for  a pair 
of  levels,  the  coefficient  of  V In  Bq.(3.t£)»  which  for  a two  level 
system  Is  twice  the  relaxation  time  T^,  is  nevertheless  the  signifi- 
cant quantity  Indicating  the  potency  of  relaxation  mechanisms  which 
give  rise  to  the  transition  probabilities.  We  shall  define 
the  reciprocal  of  the  coefficient  of  V to  be  the  relaxation 
^probability.  wR: 

n 

WR  * U21  + ^ ]T[  u2lcC2k  (3«°9) 

k-3 

We  can  thus  speak  of  measuring  relaxation  probabilities  In 
situations  where  it  is  not  strictly  correct  to  speak  of  measuring 
relaxation  times.* 


* To  the  extent  that  Blooh's  phenomenological  equations  (Phys.  Rev. 
70.  *60  (19*6))  adequately  represent  the  motion  of  the  magnetiza- 
tion vector  associated  with  a particular  spin  system,  the  time 
describing  the  exponential  decay  of  that  magnetization  will,  of 
course,  be  a perfectly  useful  parameter.  However,  one  cannot 
assert  generally  that  the  Bloch  bears  any  simple  relationship 
to  the  >.'s  of  Eq. (2.01) . 


} — 
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4 . The  Laboratory- Induced  Transition  Probability 


Experimental  measurement  of  WR  can  be  made  by  measuring 
S for  a known  rf  field  and  using  the  result  of  Bqs.(3.08)  and  ( >.09), 


S - [l  + V/WRJ  , 


(4.01) 


onoe  we  know  how  V depends  upon  the  rf  field. 


The  probability  ViV  Is  often  calculated  from  the  semi- 

" o 

classical  perturbation  treatment  of  radiation.  In  whi^h  event  one 

8r  See,  for  example,  L.  I.  Schlff,  Quantum  Mechanics  (McGraw-Hill 
Book  Co.,  1949),  sections  29  and  35. 


assumes  the  existence  of  zero  order  spin  funct ions  uR> which  satisfy' 
the  eigenvalue  equation 


)-(  u - E u 
' 1 e n n n , 


(4.02) 


and  a perturbing  interaction 


J-f1  ■ A j^e^-  ^ + e “ 2A  cos  6)t.  (4.03) 


In  our  case  of  particular  Interest  in  magnetic  dipole  transitions, 

A may  arise  from  an  interaction  where  H Is  the  field  of  the 
oscillator  used  In  the  laboratory  to  cause  spin  resonance.  Then 
the  usual  time-dependent  perturbation  calculation  yields  the  following 
nrst  order  expression  for  the  probability  that  the  system,  ini- 
tially in  a state  will  be  found  in  state  k. 


|.k(t>|s-ira  !oc|*|J)|a 


(4.04) 
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Now  for  tines  not  too  short , 


4 »m2  i(<wfc,-<a)t 

— ; — — N - t icj- v>* 


("k 

and  the  probability  per  unit  tine  is 


(4.05) 


Vj_>k-V8  l(klAh)l2  i(VkJ-V>)  (4.i6' 

If  we  take  ){'  - -^X(2H1)  cos  oat  and  suppose  that  the  spin  resonance 
frequencies  of  the  Individual  spins  of  the  sarnie  ere  distributed 
over  a finite  frequency  range  according  to  a normalized  line  shape 
function  g(  ) , then 


V,K  -V2  Hi2  |(k/^ix|j)|2  g(V>).  (4.07) 

The  so  obtained  is  of  necessity  microscopically  reversible, 
because  jix  is  Hermltlan. 

If,  however,  the  quantum  nature  of  the  radiation  field  is 
taken  into  account,  the  probability  of  absorptive  transition  is 
proportional  to  the  mean  number  of  jtootons  n(^  ) per  degree  of 
freedom  of  the  field  coordinates  belonging  to  waves  of  frequency  ^ . 
If  ^o(^)d))  is  the  energy  density  of  the  field  per  unit  volume 
in  the  frequency  range  d ^ , then^ 

n(v>)  />{>*)  (k.oQ) 

dwh'J*  C 


9-  Condon  and  Shortley,  Theory  of  Atomic  Spectra  (Cambridge 
University  Press,  1935)  80. 


I 
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The  quantum  treatment  of  eml salon  shows  it  to  be  proportional  to 
n(l>  ) ♦ 1,  thus  including  in  the  theory  the  spontaneous  emission 
probability  (when  n(>>  ) - 0)  arrived  at  by  Einstein  from  statistical 
considerations  of  thermal  equilibrium.  To  test  the  effective 
reversibility  of  emission  and  absorption  probabilities,  we  evaluate 
(n(  )+l)/n(  v* ) for  the  signal  generator,  assuming  it  to  produce 

an  rf  field  of  about  0.1  gauss  in  a frequency  interval  of  at  most 
100  cycles/seo  in  6 x 10  oycles/sec.  One  finds  from  Eq.(4.o8) 
that  n(*J)  is  at  least  lO2^.  Then  clearly,  to  the  extent  that 
n(v>  )+l  - n(  v>),  we  may  consider  that  -vkj  even  when  the  quantum 
nature  of  our  laboratory  radiation  field  is  taken  into  a o count . 

He  shall  use  for  either  or  the  semlclasslcsl  result  (4.07), 
which,  since  it  is  proportional  to  H j2  and  Includes  no  possibility 
of  spontaneous  emission,  must  correspond  in  principle  to  the  actual 
absorption  probability. 

5.  The  Transition  Probabilities  Effecting  Relaxation. 

The  application  of  perturbation  theory  to  the  calculation 
of  transitions  Induced  by  X^  is,  in  principle,  straightforward. 

One  treats  Xgj  as  a perturbing  interaction  for  the  sero-order 
Hamiltonian 

X0  - xa  * V,  (5.01) 

I 

where  X0  and  X,  are  respectively  the  spin  and  Ixttice  Hamiltonians. 
In  practice,  however,  even  the  assembly  of  spins,  which  may  often 
be  considered  as  non- interacting  among  themselves,  offers  a highly 
degenerate  system  for  which  the  orthonormal  zero-order  linear  com- 
binations are  not  known,  and  the  normal  for  the  lattice  are  not  known 


i 
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elther.  The  o la sale  example  of  a serious  effort  to  take  into 
account  the  normal  nodes  for  a particular  lattloe  is  Van  Vie  ok' a 
aooumental  calculation  of  the  relaxation  tinea  for  titanium  and 
chrome  alums.10 


10.  J.  H.  Van  Vleck,  Phys.  Rev.  21»  *26  (19*0). 


Our  experiments  deal  with  liquids,  for  whloh  there  la 
available  almost  no  Information  on  Hlattlcen  eigenstates.  Bloew- 
bergen,  Purcell,  and  Pound^  have,  however,  obtained  excellent 
results  for  nuclear  paramagnetic  relaxation  In  liquids  by  approaohlng 
the  problem  from  the  point  of  view  of  the  correlation  spectrum. 

The  procedure  is  effectively  one  of  using  the  seml-classloal 
perturbation  treatment  for  the  effect  of  an  osolllatory  magnet lo 
field  component  which  might  arise  through  translational  or  rotational 
motions  of  the  charges  acaoclated  with  molecules  of  the  liquid; 
these  frequency  components  are  then  taken  to  be  distributed  according 
to  the  correlation  spectrum.  We  can  Illustrate  this  procedure 
by  taking  A of  our  Sq.(*.06)  as  a product*,  one  factor  containing 

*or  as  a sum  of  such  product  terms. 


(lattice)  space  coordinates  and  the  other  dependent  upon  angular 
momentum  operators: 

A - *optt'j)  (5.02) 

Then  Eq.(*.06)  becomes 

-■h'2|f(?)l2l(Wi'0p|J)|2  •»!£_,- ?) 


(5.05) 
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T 


The  correlation  theory  for  liquids  leads  to  the  ooneluslon  that 
| f(r)|2  is  distributed  speotrelly  according  to  the  intensity 

J(V)  -<!«•(*>  !*>, 


av 


2^c 

rrr?: 


1 + 4v*y)°fc, 


(5.04) 


where  c is  the  correlation  tine  and  the  average  is  over  all  time 
or,  equivalently,  over  all  spaoe  if  t(t)  is  a function  of  coordinates 
which  vary  randomly  with  tine.  Combining  Eqe.(5.03)  and  (5*04), 

Bjk  - ft'2  <|(k|f(r)  Pop(I,J)  [j)|2_^j(  V>kJ)  (5.05) 

where  J(^  ) is  the  normalised  spectrum 


J(V) 


g*c 
1 + 4 


(5.06) 


We  now  ask  to  what  extent  a proper  quantum  approach,  analogous  to 
van  Vleck's  for  the  alums,  would  yield  significant  features  not 
present  in  this  semi-classical  result. 

Following  the  procedure  of  Sommerfeld  and  Bethe11,  for 
example,  we  would  prefer  to  have  quantized  the  normal  modes  of  the 
lattice.  The  lattice  states  would  then  be  described  by  a set  of 


11.  Somerfeld  and  Bethe,  Bandbuch  der  Phyelk.  2nd  ed.,  vol.  24/2 
(Springer,  1953)  500ff. 

quantum  numbers  n^  for 'the  mode  of  elastic  waves.  The  energy 
of  the  quantised  mode  is  given  by  (n^+  ^)ti  and  energy  exchange 
between  such  modes  and  the  spine  may  be  described  as  either  emission 
or  absorption  of  a "phonon"  of  energy  Ti  ^ by  the  spin  system.  Tho 
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fornalisa  Is  quit®  parallel  to  that  for  the  radiation  field. 

Including  the  fundamental  asymmetry  between  emission  and  absorp- 
tion. The  probability  of  emission  (oreatlon)  of  a phonon  of  frequency 
by  the  spin  ayaten  la  proportional  to  + 1,  whereas  that  of 
absorption  (annihilation)  la  slaply  proportional  to  n^. 

If  the  lattice  temperature  la  T,  the  mean  value  of  n4  la 

ni  E* — (5*07) 


so  that  ealaslon  and  absorption  probabilities  are  in  the  ratio 


ealaslon 


'absorption 


n t + 1 


(5.08) 


As  with  the  semlclasslcal  treatment  of  the  radiation 
field.  Section  4,  the  semlclasslcal  result  (5-05)  Is  microscopically 
reversible  and  Is  proportional  to  the  intensity  of  the  effective 
phonon  field.  We  again  Identify  the  aeml-claaslcal  result  with 
the  absorption  probability  of  a full  quantum  treatment,  and  the 
emission  probability  Is  to  be  calculated  from  Eq.(5.o8).  Thus,  If 
spin  state  k has  greater  energy  than  state 


0 j-.lt  - 


°k-*J  " uj-ek 


(5.09) 


* Mote  that  Bq.(5.09)  disagrees  with  BPP's  Eq.(30)  (which  is  for 
the  special  oase  of  spin  1/2).  Although  the  BPP  equation  gives 
the  proper  ratio  of  emission  and  absorption  probabilities,  each 
depends  upon  the  sero  of  the  energy  scale  used  in  measuring  Ep 
and  8^  of  BPP  Bq.(29).  And,  of  course.  If  one  uses  our  Bq.(5>08) 
and  the  proportionality  between  H^2  and  n^  to  express  BPP's 
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transition  probabilities  in  terms  of  a peculiar  dependence 
upon  n^  results;  e.g.,  uani88i>on  would  be  proportional  to 
[nAn±  + 1^/2. 


The  distinction  between  solids  and  liquids,  so  far  as 
application  of  Bq.(5*09)  la  concerned,  will  usually  Involve  taking 
J(  ) to  be  the  normalized  Debye  spectrum  of  the  familiar  classical 
theory  of  the  specific  heat  of  a solid,  on  one  hand,  and  to  be  the 
correlation  spectrum  (5*06)  on  the  other.  The  essential  parameter 
in  the  first  case  is  the  Debye  temperature,  whereas  in  the  second 
it  is  the  correlation  time. 


6.  Detailed  Balance  and  Spin  Saturate  ... 

If  spin  state  k has  higher  energy  than  state  J[,  then  at 
thermal  equilibrium  the  principle  of  detailed  balance, 

Vkj  ■ Vjk  <6-01> 

combines  with  Eq.(5-08)  to  assure  a Boltzmann  distribution  among 
the  spin  states. 

It  is  interesting  to  raise  the  question  whether  the 
principle  of  detailed  balance  applies  to  the  spin  system  In  a 
partially  saturated  state.  Treatises  on  statistical  mechanics 
often  arrive  at  detailed  balance  by  a classical  argument,  and  none 
which  has  come  to  the  authors'  attention  is  clear  in  a quantum 
statistical  way  on  whether  detailed  balance  is  applicable  outside 
of  thermal  equilibrium.  For  our  particular  problem,  the  assumption 
of  detailed  balance  outside  thermal  equilibrium  appears  to  lead  to 
a contradiction,  as  is  perhaps  most  easily  illustrated  for  three 


I 


! 


< 
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levels  between  any  pair  of  which  the  selection  rules  for  the 
interaction  effecting  relaxation  permit  transitions. 

If  N1#  Rg'  and  are  the  level  populations,  then  the 
steady  state  solution  of  Eqs.(3*03)  and  (3.04)  under  conditions  of 
detailed  balance  leads  to  an  expression  for  N^-Ng  which  can  be  oast 
into  the  fora 


*r»8  - » w w 

* "13*32  * "13  23  W31  23 


(6.02) 


Now  suppose  a monochromatic  radiation  field  inducing  transitions 
between  1 and  2 is  introduced.  Then  W12  - U12+V  and  W21  “ U2l+V 
will  be  altered,  and  the  other  W*s  remain  simply  the  corresponding 
0's.  We  know  experimentally  that  increasing  V12  - V21  - V enables 
us  to  diminish  Nj-N2  as  much  as  we  please.  Yet,  by  assuming  detailed 
balance,  we  expressed  N^-N2  Independently  of  W12  and  therefore  of  V. 

Another  way  of  expressing  thl»,  point  Is  to  observe  that 
detailed  balance  requires  the  condition 

^12  ^23  ^31  " ^21  ^32  ^13  (6.03) 


which  becomes,  for  no  rf  field, 

U12  U23  U31  " U21  U32  U13  * 


(6.04) 


If  V12  m V21  « V is  impressed  with  an  external  radiation  field, 
then  (6.03)  becomes 

(u12+v)  u25  u31  - (u21+v)  u32  u13  , (6.05) 


which  oannot  hold  for  all  V if  Ugl  jt  U12. 

Of  course,  the  arguments  of  this  section  do  not  Include 


explicit  account  of  direct  Interaction  between  the  rf  field  and  the 
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lattlce.  Although  this  Is  usually  extremely  weak,  and  Is  considered 
not  to  affect  the  lattice  energy  states  nor  their  populations,  the 
O' s are  in  principle  altered  by  this  perturbation  and  a convincing 
demonstration  would  have  to  verify  that  the  U's  are  not  so  altered 
as  to  keep  (6.05)  always  valid.  Our  argument  is  essentially  that 
V can  be  and  is  made  comparable  to  or  greater  than  U12,  whereas  the 
radiation  field-lattice  interaction  should  affect  the  U's  only  by 
a very  small  (negligible,  we  think)  fraction. 

In  the  analysis  of  section  3»  therefore,  the  simple 
conservation  of  systems,  as  described  by  Bqs.(3.03)  and  (3.04),  and 
the  assumption  that  the  presence  of  7 does  not  alter  the  U's  are 
used  to  obtain  the  saturation  factor.  There  is  no  question  of 
applying  detailed  balance,  since  it  is  violated  by  these  assumptions. 

7.  Apparatus  and  Experimental  Procedure. 

Fig.  2 is  a block  diagram  of  the  apparatus  used  to  produce 

i 

the  transitions,  detect  the  resonance,  and  measure  the  saturation 
factor  jj.  The  60Mc/sec  rf  field  is  produced  in  the  tame  coil  of  a 

1 

Colpitts-type  oscillator  which  forms  part  of  a magnetic  resonance 

1 O 

spectrometer  similar  in  design  to  that  of  Schuster.  Audio  amplifiers 


12.  N.  A.  Schuster,  Thesis,  Washington  Oniversity  (1951). 


with  a total  gain  of  about  a million  followed  the  resonance 
detector  and  fed  a pha '^-sensitive  detector.1^ 


13.  N.  A.  Schuster,  Rev  Scl.  Instr  22,  254  (1951). 


Magnetic  Audio  Phase-  Motor 

Resonance  . I Sensitive  Driven 


Plgure  2 o FUNCTIONAL  BLOCK  DIAGRAM  OF  APPARATUS 
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A 50 -cycle  signal  generator  produced  a square  wave  reference 
signal  for  the  phase-sensitive  detector  and  a synchronized  sinusoid 
which,  after  power  amplification,  modulated  the  Helmholtz  coll 
field  of  about  30  oersteds.  This  generator  also  supplied  the 
30  cycle  signal  to  the  grid  of  the  calibrator1*,  a device  which 
essentially  places  the  plate  resistance  of  a trlode,  type  935  in 


14.  0.  D.  Watkins  and  R.  V.  Pound,  Phya.  Rev.  82,  343  (1951). 

The  authors  are  indebted  to  Dr.  Watkins  for  communicating  to 
them  further  Information  on  his  work. 


this  case,  across  the  oscillator  tank  coll  to  provide  dlslppatlon 
which  simulates  a non-saturable  signal  serving  as  a companion 
standard  for  the  paramagnetic  sample. 

In  order  to  know  the  transition  probability  (4.07) 
produced  by  the  oscillator  for  a given  sample,  one  requires  the 
half-amplitudes  of  the  rf  field  at  the  sample.  For  this  purpose 
a vacuum  tube  voltmeter  was  built  Into  the  apparatus  to  measure  the 
r.m.s.  voltage  v across  the  sample  coll.  The  Inductance  of  the  coll, 
which  was  wound  of  small  flat  copper  strap  to  minimize  the  capacitance 
between  turns,  was  determined,  and  the  ratio  of  magnetic  field  to 
current  In  the  coll  was  obtained  by  performing  an  auxiliary 
v resonance  experiment  for  which  a direct  current  through  the  coll 

produced  the  external  magnetic  field  for  a still  smaller  coil 

* 

containing  a free  radical.  The  result  so  obtained  Is  that 

Hx  - 0.022v  (7.01) 


A typical  measurement  of  the  saturation  factor  might 
proceed  as  follows.  The  plate  voltage  of  the  oscillator  is  adjusted 
to  provide  a low  level  of  oscillation,  and  the  calibrator  is  set 
to  give  a signal  equal  to  that  obtained  from  the  paramagnetic 
sample.  The  level  of  oscillation  is  then  increased  and  a new 
comparison  of  calibrator  and  sample  signals  is  made.  In  general, 
the  power  level  and  changes  in  the  properties  of  the  oscillator 
circuit  at  the  new  oscillation  level  will  alter  the  absolute 
signal  Intensity,  but  these  changes  will  affect  equally  the  signal 
from  a given  dissipative  load  across  the  coll,  whether  of  pa.*a- 
oagnetlc  or  calibrator  origin,  and  the  relative  intensity  is  meaningful. 
If  the  calibrator  and  the  sample  still  produce  the  same  relative 
signal,  then  S is  still  unity  and  saturation  has  not  uet  in.  The 
oscillation  level  la  then  further  increased  until  a curve  of  S 
versus  v.  the  r.isus.  coil  voltage,  is  plotted;  by  means  of  Bq.(7»01) 
such  a curve  can  be  converted  to  S versus  R^. 

The  shape  function  g(V>)  required  to  calculate  V ^ from 
(A. 07)  is  determined  from  the  measured  resonance  curves  at  low 
power  (where  S 1).  Since  the  modulation  technique  is  used,  the 
line  profile  actually  measured  is  proportional  to  the  derivative 
dg/d  . Of  course,  the  calibrator  trlode  is  supplied  with  a >0  cycle 
grid  signal  to  provide  a standard  signal  coherent  with  the  phase* 
sensitive  detector  reference  voltage. 
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6.  Experimental  Results 

Aqueous  solutions  of  Kg  OH(SO^),.  are  unstable  and 
often  become  diamagnetio  in  a Better  of  several  minutes,  the 
decay  products  catalyzing  the  Bpin- pairing  reaction.  It  was 
found  that  Baking  the  solution  about  0.1  normal  in  NtgCO^  stabilises 
the  free  radical  solution  in  a pH  range  proper  to  prevent  appreciable 
deterioration  too  several  days.*  In  this  way,  aeasurenents  were 
easily  Bade  on  samples  containing  various  concentrations  of 
<m(80j)-‘  ion. 

*Ve  are  indobted  to  Professor  Welssaan  of  the  Washington  University 
department  of  chemistry  for  this  discovery. 

All  Btasurenents  reported  here  were  made  at  60  Mc/seo 
for  the  transition  (P  ■ 3/2,  mp  « -3/2)  (P  - 3/2,  Op  - -l/2), 
which  is  transition  A*-*  3 on  Plgure  1.  This  transition  was  selected 
because  its  frequency  versus  field  characteristic  does  not  depart 
sufficiently  from  linearity  to  complicate  width  measurements,  as 
may  happen  for  those  transitions  having  saall  d^/dH,  and  because 
it  is  reasonably  Intense.  This  transition  gives,  at  a fixed 
microwave  frequency,  the  hyperflne  triplet  which  occurs  in  the 
highest  external  field. 

Pig.  3 graphs  experimental  points  for  the  derivative  of 
the  resonance  absorption  of  a 0.02  K aqueous  solution  of  ONCso^g’ 
at  60  Mc/seo.  Also  placed  on  the  graph  field  is  a curve  corresponding 
to  the  derivative  of  a so-called  Lorentz^  or  daaped-osclllator 


15.  Pake  and  Purcell,  Phys.  Rev.  j[4,  1184  (1948). 


(.utt  ottos)  n,/(.u  U)  "tr.  - - Ss  < msmm 
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lln6  a hap*  function,  it  is  Mm  that  tha  Lorentz  curve  approximates 
vary  wall  to  tha  experimental  points. 

In  our  analysis  of  tha  experimental  saturation  data,  we 
follow  BPP,  whose  aquations*  can  be  adapted  to  show  that  for  our 

* Reference  7,  section  IV,  Bq.(17).  The  BPP  saturation  parameter 
a,  is  our  V/wR. 


situation  (BPP  ease  It  the  modulation  frequency  is  much  less  than 

VR)  the  deollne  in  tha  derivative  extremum  under  saturation  is 

given  by  a saturation  factor 

dX"(H,)  /dX"(H,-*0)  T 1 


S'  - 


(8.01) 


lota  that  S*  la  not  a derivative  of  S.  The  value  of  V to  be  used 
in  this  expression  is  its  maximum  at  the  resonance  center,  thus 
corresponding  to  the  maximum  value  of  g(v>).  Por  a Lorentz  line, 
g(V^)max  la  1 /r  times  the  reciprocal  of  the  half-width  <f>*  at 
half-maximum  Intensity  on  the  onsaturated  g(  >' ) curve.  If  one 
measures  experimentally  the  width,  In  magnetic  field  units, 
between  points  of  extreme  slope,  the  conversion  between  the 
measured  quantity  .dH  and  g(^)max  for  lorentz  chape 
function  shown  on  Pig.  J, 


S^max  m{?  (74H)' 


(8.02) 


where  y « dC*>/dH  is  obtained  from  the  (-angular)  frequency  versus 
field  characteristic  for  the  transition  in  question.  The  parameter 
i H of  Pig.  5 is,  in  terms  of  the  width  between  inflction  points, 
dfJ/2)AH. 


Pig.  4 

Line  width  versus  molar  concentration  of  ONfSO^)^” 

Ion  in  aqueous  solution.  Transition  excited  is  that  between 
levels  4 and  jj  of  Pig.  !• 
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Pig.  5 

Relaxation  probability  versus  molar  cc"';.  ntration 
of  ON (SO^)^”  ion  in  aqueous  solution.  Transition 
saturated  In  making  these  measurements  is  that  between 
levels  4 and  3 of  Pig.  1. 
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Pigures  A and  3 plot  respectively  the  experimental  values 
of  4 B and  of  the  relaxation  probability  VR  vermis  the  molar 
concentration  of  OH(SOj)g”  ion.  At  oonoentratlons  above  0.3  M, 
the  hyperflne  struoture  begins  to  give  way  to  a single  broad  line. 
The  loner  limit  of  the  concentration  range  la  determined  by  the 
decline  In  signal  sensitivity  as  fewer  and  fewer  free  radicals  are 
present  In  the  sample. 

A striking  feature  of  Figures  A and  3 la  that  both  the 
line  width  and  relaxation  probability  appear  to  approaoh  asymptoti- 
cally a concentration  Independent  value.  The  relaxation  probability, 
through  Its  limitation  of  the  llfe-tlme  of  a spin  state,  should 
contribute  an  amount  the  order  of  w^/y  to  the  total  line  width. 

The  low-concentration  value  of  W^/y  gives  about  0.7  oersteds. 

This  la  quite  comparable  to  the  asymptotic  low-concentration  lime 
width  of  0.3  oersteds,  and  It  Indicates  that  the  relaxation 
processes  nay  well  determine  the  entire  line  width.  If  such  Is 
the  case,  we  will  understand  both  Figure'  A and  3 If  we  can  explain 
the  concentration  Independent  relaxation  probability.* 


* Depending  upon  the  relationship  which  one  assumes  should  exist 
between  WR  and  Its  contribution  to  £h,  the  fact  that 
exoeeds  £H  may  cause  some  concern  for  the  Internal  consistency 
of  our  measurements;  the  line  crnnot  be  sharper  than  the  uncer- 
tainty prlnolple  would  allow.  However  our  procedure  of  calibrating 
the  rf  coll  (section  7)  when  It  carries  direct  current  is  not 
beyond  reproach,  lnasouoh  as  the  current  distribution  throughout 
the  oross-seotlon  of  the  copper  strap  at  60  Hc/sec  Is  certainly 
somewhat  different  from  the  d.c.  distribution.  Therefore  a 
faotor  of  perhaps  2 must  be  allowed  In  our  absolute  values  of  W R; 
relative  values  should  be  good  within  1C  percent  or  better. 


-32- 


In  order  to  test  the  possibility  that  the  nuclear  monents 
of  the  water  solvent  night  provide  the  Interaction  which  relaxes 
the  free  radical  spins,  the  low- concentration  measurements  of 
Figures  4 and  5 were  made  f6r  solutions  of  OH(SOj)g~  in  DgO. 

Although  the  deuteron  magnetic  noaent  is  about  0.3  that  of  the 
proton,  the  curves  for  the  DgO  solution  were  indistinguishable  from 
those  of  Figures  4 and  3.  We  thus  have  experimental  indication 
that  the  nuclear  moments  of  the  solvent  do  not  provide  the  relaxation 
mechanism. 

9.  The  Saturation  Factor  for  the  Transition  Studied. 

In  order  to  compare  postulated  relaxation  mechanisms  with 
the  measured  value  of  WR,  we  require  the  expression  for  WR  in  terms 
of  the  0's  for  OHCSO^Jg-.  There  are  six  homogeneous  equations  of 
the  form  (3.^3)  for  a system  with  the  energy  levels  of  Figure  1. 

Por  magnetic  dipole  transitions  in  the  radio frequency  range,  the 
Boltzmann  factors  associated  with  emission  (Bq.  (3.08))  usually 
depart  from  unity  by  less  than  10  . Furthermore,  BPP  find  for 

water  at  room  temperature  that  *C  « 4 x 10~12  sec.  In  31.4  oersteds, 

C 

all  transitions  permitted  between  the  levels  of  Figure  1 occur  st 
frequencies  of  10'  or  10  sec"  . By  Eq.(5*06),  the  resulting 
correlation  spectrum  J(vO  is  essentially  "white"  with  intensity 
2 “tQ  per  unit,  frequency  range. 

Comparison  of  relative  values  of  the  coefficients  in  the 
six  homogeneous  equations  may  therefore  by  made  from 

V - <?M%V  I (klflj >1* 


(9.01) 
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in  which  the  operator  function  FQp  of  Eq.(5.0S)  is 

? - -«J  >«0?  + ®x  M (9-08) 

and  its  matrix  elements  are  to  be  calculated  using  the  spin  functions 
(1.02)  which  apply  for  31.4  oersteds.  Such  non- vanishing  values  of 
|(kjjx|j)j^  for  the  r transitions  and  for  0*  transi- 

tions are  tabulated  below  in  decreasing  order: 


J 

k 

c*Wi> 8 

3 

5 

0.350 

1 

6 

0.237 

3 

4 

0.226 

2 

5 

0.224 

2 

6 

0.190 

4 

3 

0.024 

2 

3 

0.023 

1 

2 

0.012 

5 

6 

0.011 

3 

6 

0.001 

Magnetic 

dipole  transitions  between  level 

pairs  1 and  3# 

1 and  4, 

1 and  5» 

2 and  4,  and  4 and  6 are  forbidden 

. In  addition 

we  shall  neglect  the  three  weakest  permitted  transitions  (3  to  6, 

5 to  6,  and  1 to  2)  in  solving  for  S^.  After  so  doing,  one  finds 

for  S*3  an  equation  of  the  type  of  (3.09)  with  WTJ  (43)  given  by 


Vr(43) 


j43  + U45 


U23U35  * U23U25  * U25P35 


U23U35  + U23U45  + U23U25  + U25U45  + °25U35 
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Here  we  have  dropped  "thermal  dlff erences " , i.e.,  - D^,  In 

comparison  with  U^jS  this  may  be  done  as  soon  as  the  equations  are 
placed  In  a form  corresponding  to  (3.06)  and  It  greatly  simplifies 


solution. 


* It  is  useful  to  note  that  the  form  of  the  equations  and  the 
fact  that  WR  must  depend  upon  quantities  of  sero  order  in 
"thermal  differences"  allows  one  to  set  up  an  analogy  with  a 
passive  network:  of  conductances.  Branch  points  in  the  analog 
network  correspond  to  the  energy  states  of  the  system,  and  the 
conductance  between  J and  k corresponds  to  Uj^.  This  is 
perhaps  the  simplest  method  for  calculfclng  WR  in  a particular 
case. 


!i 


The  error  In  dropping  the  thx-ee  weak  transitions  Is 
evidently  not  serious,  since  ;he  correction  to  In  Eq.  (9-03) 
is,  for  an  Isotropic  white  radiation  bath.,  easily  shown  from  the 
table  to  be  about  10  percent  of  Ujjj.  Errors  of  10  percent  or 
so  can  easily  creep  Into  saturation  measurements  of  WR. 

10.  The  Relaxation  Mechanism  at  the  Higher  Concentrations. 

At  the  high  concentration  end  of  the  curves  of  Figures  4 
and  5,  one  expects  lon-icn  collisions  to  effect  relaxation  and 
WR  should  be  proportional  to  concentration.  Although  the  log-log 
plot  of  Figure  4 appears  to  approach  a slope  measurably  greater  than 
unity,  one  should  not  attach  too  much  importance  to  it,  for  this  Is 
the  region  in  which  the  hyperflne  splitting  is  about  to  blur  into 
a single  broad  line.  The  tails  of  the  three  high  frequency  tran- 
sitions overlap  appreciably  and  the  width  of  an  individual  line 
is  difficult  to  measure. 
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Aa  a check  on  the  mechanism,  one  ahould  obtain  an  approx- 
imately correct  order  of  magnitude  for  WR  from  the  BPP  Eq.(50), 
Intended  to  be  uaed  to  calculate  the  contribution  to  WR  for 
hydrogen  nuclei  through  their  Interaction  with  neighboring 
water  molecules: 

WR  - § t2  g*  p*  *T2  y M0/5kT  (10.01) 

Here  h Is  the  viscosity,  which  we  take  for  our  solution  to  be 
that  of  water  at  room  temperature,  about  10  c.g.e.  units.  For 
0.05  molar,  N is  3 x 1C19  cm"1  and  Eq.  (10.01)  gives  WR  « 1.5  x 107 
seo"1. 

The  aotual  measured  value  is  WR  « k x 10  sec  . This 
is  probably  adequate  agreement  considering  that  we  have  made  the 
approximation  of  free  electrons  by  neglecting  the  nuclear  moment 
coupling  and  that  we  have  approximated  the  vlsooslty  of  the 

2~  ion.  These  approximations,  however,  seem  if  anything  to 
be  in  the  direction  of  worsening  the  agreement,  and  there  Is  a 
likelihood  that  the  lines  appear  to  be  abnormally  wide  at  concen- 
trations Just  below  that  at  which  the  component  hyporflne  lines 
menge. 

11.  Interaction  with  the  Nuclear  Momenta  of  the  Solvent. 

Although  both  DgO  and  H^O  had  the  same  effect  as  solvents, 
we  shall  estimate  the  contribution  to  t?R  to  bo  expected  for  this 
mechanism  and  oheck  the  theory  by  noting  whether  the  result  is 
negligible  In  comparison  with  our  measured  WR. 

The  dipole  interaction  between  the  1*^  hydrogen  nucleus 
of  the  solvent  and  the  Ionic  apln  Is 
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where 


y 4 -3 

" Pl  Mj  riJ 


^1  " 8I  /*o  X1 

M,  - “Sr  Jg 


- *u5 


(11.01) 


(11.02) 


/*J  * ‘g  J >>0 

Following  BPP,  we  may  write 

“ -gI  8J  ft*  j^+B+C+DfBfpJ , 


(11  03) 


where 


A 

rrl 

(1-3 

C082 

6ij> 

B 

1 

" “ T 

*-i 

+ J. 

j T+i 

a 

J (1-5 

o 

COB  © 

U}  1 

h? 

C 

■-ii 

Cj2j 

*+1 

+ J+J 

J sin  i 

9u  008 

®U 

e'lflJ  rij5 

D 

3 i 
" " 7 | 

r-l 

+ J_ 

J Jzl 

J sin  i 

COB 

°U 

rt-3 

E 

J+j 

*♦1 

Bin2 

eu 

* 

cv» 

1 

e 

-1? 

(11.04) 
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*s: 

*+i  - 

♦ ilyl  and  J_ 

J “ Jxj 

- 1JyJ 
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As  an  example , consider  the  contribution  Of  term  E from 
a proton  at  distance  r: 


o4S’(r)  - g§  g^*-2  2_ 

m1,m1'  ' / av 


) (11.05) 


where  W'  - W?  - Bj  H m^  and  W - W4  - s1  yuQ  H m1 
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We  denote  by  Qra  the  fraction  of  protons  in  state  m^,  and  by  and 
the  energies  corresponding  to  the  levels  so  numbered  In  Figure  1. 
The  nuclear  contributions  Id  W'  and  V are  necessary  to  conserve 
energy  for  the  transitions,  but  may  be  neglected  In  practice. 
Therefore  J (S3)-  2 Cc  as  Indicated  In  Sec.  9* 

Apart  from  terms  of  order  gj  H/kT  (about  10”^  In 
30  oersteds) , 0 » i for  both  spin  states  of  the  protons  within  a 

thin  shell  at  distance  r.  In  order  to  consider  all  protons  of  the 
solvent,  whatever  the  value  of  r,  we  follow  BPP  by  assuming  that 
<0  - r2/l2D  , D being  the  diffusion  constant,  and  Integrating 
from  the  distance  of  closest  approach,  rQ,  throughout  the  solvent. 
If  there  are  NQ  solvent  protons  per  unit  volume,  the  contribution 
of  E Is 


°43(E)  - 4 k 21  , j(3i»i|-  ? J+J  I+J 


mi,mi 


(11.06) 


x(l 


sin2  ©ij  •‘81#1J|8)av  Hc 


r"6(2r2/l2D)  *Tr2dr 


Performing  the  Indicated  sums  and  integrations  and  taking  the 
averages  of  the  angle  functions,  one  obtains 

d43<B)  - I 4 4 fo  C2  H0/Dr0  (11.07) 


The  diffusion  constant  Is  presumably  not  quite  the  same  as  for 
self-dif fusion  of  pure  water.  However,  we  postulate  a kind  of 
equivalent  viscosity,  y,  related  to  rQD  through  Stokes  law: 

1 6ft  >? 

* “CT 
o 


(11.0 8) 
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Then 

u43E)  “ **  gI  gj/4*‘2  c?/kT  (11.09) 

_o 

For  pure  water,  » 10  c.g.s.  units  near  room  temperature; 
lacking  any  other  value,  we  use  this  for  our  solution.  From 

O 

section  1,  we  find  c » 0.903.  Finally  the  relaxation  probability 
obtained  from  (11.09)  Is 

Wr(B)  ~ 3 x 10^  sec'1  (11.10) 

for  a dilute  aqueous  solution  of  0N(S0j)2”  l°n*  This  result  is 
indeed  consistent  with  the  conclusion  from  comparison  of  HgO  and 
DgO  as  solvents:  the  interaction  with  solvent  nuclear  dipole 

moments  is  negligible  in  relation  to  the  measured  WR  of  2 x 10^  sec'1. 


14 

12.  Relaxation  through  the  W Quadrupole  Moment 

The  odd  electron,  which  of  course  possesses  no  quadrupole 

14 

moment,  is  magnetically  coupled  to  the  N nucleus,  which  has  a 

quadrupole  moment.  The  relaxation  probability  contributed  by  the 
14 

N nucleus  can  also  be  shown  to  be  negligible. 

We  deliberately  overestimate  this  contribution  to  WR 

by  supposing  for  argument's  sake  that  the  entire  electric  quadru- 

14 

pole  interaction  of  the  N nucleus  with  fluctuating  electric  field 

gradients  is  effective  in  relaxing  the  electron  epin.  Actually 

such  relaxation  can  occur  only  in  low  magnetic  fields  where  the 

coefficients  b and  d entering  Into  the  linear  combinations  (1.02) 

of  spin  functions  are  appreciable.  An  order  of  magnitude  upper 

limit  to  WR  from  this  interaction  Is  therefore,  following  Eqs.  (5.U5),  (5. 06) 


WR  (eQ)2 


2f 


c 


(12.01) 
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in  which  Q is  the  N1*  qua dru pole  moment  and  ♦ la  the  electric 
scalar  potential  at  the  nucleus. 

Accurate  evaluation  of  a representative  component  of  the 
electric  field  gradient  has  not  been  made,  even  for  a rigid  lattice, 
and  equally  little  Is  known  about  the  average  square  of  such  a 
component  for  a liquid.  However,  Bloemoergen1^  found  that  the 


16.  H.  Bloembergen,  Thesis,  university  of  Lleden  (19^8)* 

deuteron  effected  nuclear  relaxation  In  liquid  DgO,  and  that  the 

electric  field  gradient  has  a magnitude  essentially  that  at  1&  or 

• 

2A  from  an  electronic  charge.  For  an  estimate,  we  take  er  , with 

2 

r ■ 1%,  as  the  magnitude  of  g . The  value  of  Q for  ■»  is 
about  10“2^  cm2.  Taking  ^ - 10-11  sec.,  one  finds  that 
Wj^~,10+^  sec”1,  which  Is  again  much  smaller  than  the  observed 
value,  2 x 10^  sec-1. 

13 . The  Role  of  Spin-Orbit  Coupling 

In  1936,  Kronig1^  proposed  that  unaccountably  short 


17.  R.  deL.  Kronlg,  Physica  6,  33  (1936). 

relaxation  times  in  certain  alums  could  be  explained  by  considering 

the  Important  role  played  by  spin-orbit  coupling.  The  modulation 

of  the  spin-spin  interaction  by  the  lattice  vibrations,  considered 

18 

in  Waller's  pioneering  theory  of  spin-lattice  relaxation  proved 


18.  I.  Waller,  Zeits.  f.  Physlk  7£,  370  (1932) 


entirely  Inadequate  to  explain  observed  relaxation  tines.  Another 
possibility,  the  modulation  of  the  crystalline  Stark  splitting  by 
the  lattice  vibrations,  appears  at  first  sight  to  hold  no  promise 
for  relaxation  in  those  substances  which  possess  only  Kramers 
degeneracy  in  the  ground  state.  However,  through  the  spin-orbit 
coupling,  the  modulation  of  the  Stark  spll  ting  is  felt  by  the  spins 
Van  Vleok10  extended  and  rerined  Kronlg's  ideas  in  his 
monumental  calculation  of  relaxation  times  for  titanium  and  chrome 
alums.  Two  processes  are  distinguished.  One,  the  so-called  direct 
process,  gives  a highly  field  dependent  relaxation  time  which  ought 
to  apply  at  a few  degrees  Kelvin,  but  was  found  to  be  still  too 
large.  The  second,  or  Raman,  process  is  effective  in  zero  as  well 
as  in  non-vanishing  external  magnetic  fields.  *t  depends  upon  the 
inelastic  scattering  of  high  energy  vibrational  quanta  by  the 
spin  systems,  with  the  spin  system  absorbing  or  emitting  a 
vibrational  quantum  of  very  low  energy  relative  to  the  original 
vibration  quantum.  Although  this  is  a second  order  process 
compared  to  the  direct  process,  it  is  Important  because  the  entire 
elastic  spectrum,  rather  than  a narrow  portion  at  its  weak  end,  is 
called  into  play.  In  fact,  the  Raman  process  probably  dominates  at 
all  but  the  lowest  temperatures. 

It  is  a simple  matter17  to  Illustrate  the  Influence 
of  a spin-orbit  term  AL*S  on  Stark  orbitals  which  possess  only 
spin  degeneracy.  The  spin-orbit  interaction  renders  Incomplete  the 
quenching  of  orbital  angular  momentum  by  the  crystalline  electric 
field,  and,  as  a result,  the  spectroscopic  splitting  factor1^ 
departs  from  the  free  election  value,  ge  - 2.0023,  by  an  amount 


19.  C.  Kitfcel,  Phys.  Rev.  76,  743  (1949) 


-41- 


the  order  of  X/d  , where  A la  the  Stark  Interaction. 

It  la  leaa  simple  to  demonstrate  the  existence,  via  the 
Raman  Process,  of  relaxation  caused  by  modulation  of  the  Stark 
splitting  in  the  ..resence  of  the  spin-orbit  term  XL*S . In  fact, 
Kronig's  model,  as  pointed  out  by  Van  Vleck10,  yields  vanishing 
transition  probabilities  even  when  pursued  to  second  order  in  the 
orbit-lattice  modulating  Interaction.  The  vanishing  in  first 
order  is  to  be  expected,  but  that  in  second  order  appears  to  be 
due  to  a cancellation  of  terms  which  would  not  cancel  if  the 
inherent  quaiitum  asymmetry  between  emission  and  absorption 
probabilities  (see  sections  4 and  5)  were  contained  in  the  calcula- 
tion. Van  Vleck  includes  this  by  use  of  quantized  normal  modes 
for  the  cluster  of  HgO  molecules  about  the  Ti4"4  icn,  and  he  finds 
a non-vanishing  result  in  second  order  (third  order.  In  reference 
10,  inasmuch  as  the  zero  order  functions  used  do  not  yet  include 
the  effect  of  the  XL coupling). 

In  the  present  problem,  we  have  no  knowledge  of  the  normal 
modes  of  the  liquid  "lattice".  In  fact,  the  free  radical  ion  presents 
several  complications.  The  ion  Itself  is  not  spherically  symmetric. 
When  such  la  the  case,  as  pointed  out  by  Mizushima  and  Xoide20  and 


20.  Mizushima  and  Kolde,  Jour.  Chem.  Phys.  20,  765  (1952). 


suggested  Independently  by  R.  Primakoff,  the  spin-orbit  interaction 
is  not  simply  proportional  to  L*S.  The  Dirac  equation,  after 
elimination  of  the  small  component  wave  functions,  yields  two  inter- 
action terms2*  which  may  be  included22  in  the  spin-orbit  interaction: 


-42- 


21.  L.  I.  Schlff,  Quantun  Mechanics  (McChuw-HIl'.t,  1949)* 

22.  Reference  9,  page  130 

X'.pln-omt  - - t*”’5  v>  «r»eS  ♦ » • («"<s  v>  * P ; 

(».<») 

the  potential  energy  function  for  the  electron  Is  V,  a la  the  elec- 
tron spin  and  p la  lta  linear  momentum  operator.  A proper  accounting  of 
apln-orblt  effects  would  thua  require  vise  of  (13*01)  inatead  of 

r> 

XL’S. 

A second  cosiplloatlon  Is  that,  for  the  OHfSO^)^-  ion 
In  aqueous  solution,  we  may  Justifiably  think  of  two  sources  for 
the  orbit-lattice  Interaction  which  nodulatea  the  Stark  splitting 
for  the  odd  electron.  One  source  Involves  the  Internal  vibrations 
of  the  lcn  Itself  which  produces  fluctuating  local  electrlo 
fields  over  the  orbit  of  the  electron,  and  the  other  la  the 
solvent  as  Its  readonly  moving  water  dipoles  also  produce 
fluctuating  local  fields  over  the  eleotron  orbit. 

Whereas  a theoretical  investigation  of  the  interaction 
(13*01)  presents  grave  difficulties  for  a free  radical  ion  about 
which  we  know  so  little  concerning  the  odd  electron  wave  function, 
experiment  nay  be  able  to  distinguish  which  source  of  the  orbit- 
lattice  interaction  is  dominant,  provided,  of  course,  that  epln- 
orblt  coupling  Is  Involved  In  determlrtg  the  Wp  value  measured 
experimentally.  In  order  to  shed  some  light  on  this  Important 
question,  we  brush  aside  our  Ignorance  of  the  quantum  nature  of 
the  motions  and  suppose  that,  for  some  fortuitous  reason,  the 
spectrum  of  their  vibrations  influences  the  Raman  processes  for 


-43- 

0N(80j)g“  approximately  as  it  does  for  Ti++  in  Titanium  alum. 

Por  the  latter  Van  Vleck  obtains  about  10^  sec”*  a a the  reciprocal 
relaxation  time  (which  la  essentially  our  WR)  due  to  Raman 
processes  at  norma?  temperatures  and  low  fields.  The  matrix 
element  in  the  transition  probability  is  proportional  to  , 
where  Van  Vleck  takes  A , the  Stark  splitting,  to  be  about  1000  cm 
and  yjA  to  be  about  1.5  x 10”*.  Por  free  radicals,  A may  well 
be  about  the  same  as  for  tit  inium  alum,  but  \(A  la  much  smaller; 
the  spectroscopic  splitting  factor  for  0H(S0j)g“  is  3.0Q55, 
measured  in  high  fields25,  indicating  that  \JA  «»10~5. 


23*  J.  Townsend,  unpublished 

Since  WR  is  proportional  to  the  square  of  the  matrix  element,  our 
utterly  curde  adjustment  of  the  titanium  result  simply  scales  it 
down  by  the  square  of  the  ratio  of  the  respective  X's,  giving 
kjj  ^lO5  sec”*.  In  view  of  the  high  power  of  A Involved  and  our 
wild  approximations,  this  can  hardly  be  called  disagreement  with 
the  measured  WR,  2 x 10^  see”*. 

It  is  thus  entirely  possible  that  spin-orbit  effects 
do  lead  to  the  observed  WR,  and  experiments  are  underway  in  this 
laboratory  to  examlae  whether  it  may  be  the  solvent  or  the  internal  vlbre 
ticn  of  the  ion  which  provides  the  orbit-lattice  interaction. 

14.  Relaxation  Through  Statistical  Processes  of  Second  Order. 

An  interesting  possibility  for  relaxation  is  brought  out 
by  our  detailed  expression  ( 3 • 09)  for  the  relaxation  probability. 


In  Van  Vleek's  calculation,  discussed  In  the  previous  section, 
the  quantity  estimated  corresponds  only  to  °21'  and  nothing  has  yet 
been  said  about  the  remaining  function  of  U's  In  Bq.(3.09)« 

Although  this  function  may,  as  In  section  9#  normally  be  small 
compared  to  °21-  such  may  not  be  the  case  If  one  must  go  to  second 
or  higher  ordors  to  obtain  a non- vanishing  B21-  Physically,  this 
means  that  a relaxation  mechanism  which  does  not  produce  direct 
transitions  between  the  levels  under  consideration  may  still 
effect  relaxation  by  first  carrying  systems  to  a third  level  and 
then  to  the  second.  Such  a process  Is  second  order  In  a statistical 
rather  than  a perturbation  theory  sense,  l.e.,  energy  Is  conserved 
for  both  transitions,  whereas  the  second  order  quantum  perturbation 
transition  probability  does  not  require  energy  conservation  for 
the  intermediate  state. 

The  simple  model  of  Kronlg*^  Is  adequate  for  application  of 
this  Idea  to  a free  radical  Ion  with  spln-orblt  coupling.  Wc 
suppose  that  the  odd  electron  of  OH(SOj)g-  Is  subject  to  a molecular 
Stark  field  which  splits  the  orbital  states  Into  widely  separated 
levels.  For  simplicity,  we  follow  Kronlg  by  supposing  that  the  two 
lowest  of  these  are  separated  by  energy  A whereas  the  others  have 
very  much  higher  energies.  Each  of 
these  levels  retains  Its  spin  degeneracy. 

Let  these  orbital  states  be  ^ and  ♦ . 

Then,  If  o(  and  0 refer  to  spin  states 
+ and  - respectively,  the  effect  of 
a spln-orblt  Interaction  Is,  to  first 

order  in  ^ , to  produce  the  following  mixtures  of  the  unperturbed 
functions  'J'c*,  ^3,  ♦<* , and  *3: 
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-|bM  - Jalp 

*P2  - f P + ~ + j b ♦ 0 

*P3  - ♦ * -£bf<* 

$4  * * ♦ J *V*<  ♦ * b f ^ 

H*re  , 

• - | J ♦ (Lx  + ILy)  f d -T 

b - | J ♦ Lx  vf  dC  - -b* 


(14.01) 


(14.02) 


In  (14.02) , ♦ la  not  denoted  complex  conjugate  since,  under  the 
conditions  of  quenched  orbital  angular  momentum,  J ♦t«4>d‘C  » 

J*  ♦ L d*  - 0,  It  Is  possible  to  express  ♦ and  4*  as  real  numbers.^ 
If  one  sets  up  Bqs.(3.03)  and  (3*04)  and  solves  for  the 
saturation  factor  and  for  WR  associated  with  transitions  between 
j and  be  finds  the  following  result: 

WR<12>  "5  °1%  (It. 05) 


In  obtaining  (14.03)*  one  uses  U12  » 0 - U^,  as  obtained  from 
Eqs. (14.01).  Also,  In  terms  of  absorption  probabilities,  these 
wave  functions  yelld 

U13^°l4  /'w  U23/U24  ~ )2  * 

The  relation  (3*09)  between  absorption  and  emission  holds,  e.g., 

u4l  " °14  e ^ • (14.04) 

Here,  contrary  to  cases  previously  cited,  the  exponential  factor 
is  far  from  unity  if  4 corresponds  to  about  1000  cm”1  (4/kT~5  at 


J. 
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room  temperature)  and  the  result  for  WR  has  been  simplified  by 
dropping  absorption  probabilities  relative  to  emission  probablltles. 

We  can  evaluate  from  Eq.(5.09)  In  which  It  must  be 
recalled  that  we  now  require  J(  at  ■ A/ h J>  x 101-*  seo”1. 

If  we  take  Fop(l,J)  - 1 in  Eq.(5.09)  and  denote 

- ji  f<rt  -J  »f(r )*a*l 

-|a»/2S8>  (1'l-05) 

2 

where  ^ is  a measure  of  the  mean  square  of  the  eleotrlc  interaction 
f(r)  which  modulates  the  Stark  effect,  then,  by  Eq.(5*09) 

0^  "*~2  | aj2  ($i)2  j(£)  (14.06) 

Since  /a/2«51  and  jUsh)*£ ^ s for  4/h  > 1 /«, 

2rA*€Q/h.  c 

we  have 

WR-^Ul4«(|)a  (X)2  ^ (IK. 07) 

Taking  WR  « 2 x 10^  sec”1,  « 10“^,  and  - 10“ 11  for  water 

solutions  at  room  temperature,  one  finds  that,  if  this  mechanism 
is  to  be  adequate,  would  have  to  be  the  order  of  unity.  It 

Is  not  unreasonable  that  the  fluctuating  Stark  interaction  arising 
from  motions  of  the  strong  water  dipoles  or  the  internal  vibrations 

of  the  Ion  might  be  comparable  to  the  static  Stark  interaction, 
although  the  perturbation  procedure  would  be  somewhat  strained 
In  that  event. 

Again,  the  crudeneBS  of  our  estimate  does  not  lead  ub  to  very 
positive  conclusions,  but  relaxation  via  the  statistical  second 
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order  processes  is  not  ruled  out* 

Whether  quantum  mechanical  or  statistical  second  order 
processes  are  Involved  in  determining  VR,  the  experiments  non  in 
progress,  which  are  aimed  at  distinguishing  between  the  source  of 
the  modulating  Stark  field  (Intense  vibrations  in  the  Ion  or 
Brownian  motions  of  the  solvent),  will  serve  a useful  purpose. 

15.  Summary 

In  water  solutions  of  the  free  radical  Ion  ON(SO^)g“,  width 
of  the  paramagnetic  resonance  seems  to  be  determined  by  relaxation 
processes,  at  least  for  solutions  sufficiently  dilute  to  exhibit 
well  resolved  hyperflne  structure.  The  achievement  of  statistical 
equilibrium  among  the  various  hyperflne  levels  In  low  magnetic 
fields  Is  more  complex  than  in  a simple  two- level  system.  Where 
saturation  methods  are  used,  the  relaxation  probability  is  suggested 
as  a more  precisely  defined  quantity  than  the  relaxation  time. 

At  very  low  concentrations,  the  relaxation  probability  for 
tie  particular  transition  studied  reaches  a concentration  Independent 
value  of  2 x 10^  see”1.  Interaction  between  the  free  radical  and 
nuclear  dipoles  of  the  solvent  Is  proved  an  inadequate  mechanism 

jh 

both  experimentally  and  theoretically.  The  Interaction  of  the  N 
quadrupole  moment  of  0N{S0j)g~  with  the  fluctuating  electric  field 
gradient  due  to  the  solvent  1b  shown  on  the  basis  of  an  upper  limit 
estimate  to  be  an  inadequate  mechanism. 

On  the  basis  of  very  crude  estimates.  It  is  likely  that 
spin-orbit  coupling  enables  the  spins  to  feel  the  effects  of  modulation 
of  the  Stark  splitting  which  quenches  electronic  orbital  angular 
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momentum.  However,  it  in  not  certain  whether  Internal  vibrations 
of  the  free  radical  ion  or  motions  of  the  solvent  molecules,  or 
both,  effect  the  modulation. 

If  the  spin-orbit  coupling  is  Involved,  an  interesting 
possibility  is  that,  for  saturation  experiments  at  least, 
statistical  second  order  processes  in  contrast  to  the  quantum 
mechanical  second  order  processes  of  Van  Vleck  may  be  responsible 
for  the  observed  relaxation. 
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